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My Cavin born i Minnesota mn April. 181 1. recetved his
LD in Chetmsty from (e Urniivessity of Mirinesola. He served
s Professor of Chemistry ai U Universily of Callfornio,
Herkeloy.

Just afler warld war H. whin the world was under shock
alter Lhe Hiroshima-Napasak! bombings, and seelng the 11-
elfecls of mdio-acivily, Calvin and co-warkers il Tadio-
actvity (o beneicial wse. He alomg with J A Bassham stodied
reactions m green plants forming sugar and other substlances
trom raw matertsks ke carbom dioxtde, wder gl minermis
bw kabelling the earban dioside with ©*, Calvin propossed that
piants change lght energy to chomdeal energy by manstormng
an deciron in an organtsed array of pigment molecules and
other substances. The mapping:of the pathway of carbon
assimilation m photesynthesls earmed him Nobel Price m 1961

The principles of photosyntliesis as establishid by Calvin
are: al prosent, betng used n studies on reniewable resouree
for ctiergy and materials and basic studies 11 solar encrpy
riessanch.
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PHDTOSYNTI—IESIS IN HIGHER PL&NTS

Al ariimalis including iman beings depend on plants for thetr food. Have
you ever wondered from where planis get thetr food? Green plants. in [act
have o make or mitbier synihesise the food they necd and all otlier organisins
depend an them for thetr peéeds, The green plants make ar rather smithestse
the food (hey need trough photosymithests andd are theredore called autotrophs.
You have alreidy leamil thal the aulotroptiic nobrton s found only in planis
and all other prmnisms that depend on the green planis for food are
heterotrophs. Green planis carry oul ‘photosynthesis’. a physico-chemical
process by wiich they use lght energy to dive the synthesis of organic
compounds. Ulumately, all iving forms on carth depend on sunlight for
encuy, The nse of epergy from sunlight by plants doing pholosynthests Is
the basts of itfe on earth. Photosynthests s important due to two reasons: i
ts the primary source ol all food on cartly. 1 s also respansible for the release
ol oxveen inlo the atmesphere by green plants. Have you ever thought whai
el happert U there weere no axygen (o breaih? This chapler focusses on
the structiure of the photosynthetlc machinery and the vanous reactions
that (ransform leht energy mito chemical energy.

11.1 Wsaar vo we Know?

Let us 11y (o find oul what we already know aboul pholesynthesis. Some
stmple experiments you may have done in the earlier classes have shown
thal chiorophyll (green plement of the leal), Hight and CO, are required for
pholosynihiesis to occur

You may have carried out the experiment {o lock for slarch formation
tn two leaves — a varlegated leal or a leal that was parttally covered witht
hiack paper, il exposad o liehi. On lesiiog (hese leayves [or e presence
af starch t-was clear that photosynthesis occumed only in the green parts
af ihe leaves m the presence of light.



Figure 11.1 Pricstiey's expirinem)

Anoclher expertment you may have earried oul
where a parl of a leaf 15 enclosed In a lest tube
containing some KOH soaked colton {which
ahsorbs CO,), while the other hall'ts exposed (o air
The setup is then placed in Heht for some time. On
Lesting for the presence of starch later in e two
parts of the leal, you must have fonnd that the
exposed part of Lhe leaf tested posiiive for starch
while the porilon Lhat was tn the tube, lested
negative. This showed that CO, was required for
pholosynihesis. Can you dxplain hour this
conclusion could be drawn?

11.2 Eamiy ExperiMENTS

it 15 interesting to leam aboul those simple
experiments that led Lo a gradual development tn
our understanding of phatosynithests,

Joseph Priestley (1732-1804) tn 1770
performed a sertes of expertments that revealed the
esseritial role of atrim the growlh ol green plants.
Priéstley, you may recall. discovered oxveen tn
1774. Pricstley observed thal a candle burning in
& closed space — a bell Jar, soon gels extinguished
(Figure 11.1 a. b, ¢, di. Simtlarty. a mouse would
soon suffocale 1o a closed space. He concluded thal
a burning candle or anantmal that breathe the atr,
both semehiow. damage the atr. Bul when he placed a mint plant in the
same belljar, he found (hat the mouse stayed altve and the candle
contnued o bum. Prestey hypothesised as follows: Planis restore to
the atr whatever breathing antmals and buming candles remove.

Can vou tmagine how Priestley would have conducted the experiment
using a candle and a plant? Remember, he wold need o rekindle the
candle to test whether it burns afier a few days, How many different
wiatjs carn You think of Lo lght the candle without distirbing e setaip?

Using a stmilar setup as Lhe one used by Priestley, hut by placing i
once i the dark and once in the sunlight, Jan Ingenhousz (1730-1799)
showed that sunlight 1s essentlal (o the plant provess (hat somehow
purifies (he air fouled by burming candles or bresthing animals.
ingenhousz tn an elegan{ experiment with-an aquatic plant showed thal
m bright sunbight. small bubbles were formed around the green parts
wihile in the dark they did not. Later he 1deniilled these bubbles w be of
oxveen. [Teice he showed thal 1 8 anly the ge=n parl of Lthe planis izl
could release oxvegen. '
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It was not untt about 1854 that Jullus von Sachs provided evidence
for production of ghicose when plants grow. Glucose 1s usually stored as
starch. His laler studies showed (hal the green subslance n planils
(chlcrophvll as we know 1L now} 1s located in special bodies (later called
chlaroplasts) within plant cells, He fonind that the green parts in plants is
where glucose Is made, and thal the glncose 1s ususlly stored as starch.

Now consider the interesting experiments done by T.W Engelmann
{1843 - 1808). Using a prism he split Hght tnto s spectral components
and then ominaled a greencalga, Cladophora, placed in a suspension
of asrobie bacteria. The bacleria wers used (o detect the siles of O,
evolution. He observed Lhat the bacterts acommulated mainly in the reglon
af blue and red lght of the splil spectrum. A firsi acllon speclrum of
photosynthests was thus desembed. It resembles roughly the ahsorption
specira-of chlorophyll aand b [discussed n section 11.4).

By the muddie of the nineteenth century the key leatures of plant
pholosynthests were known, namely, thal plants could nse Nehl encrgy
to make carbohydrales from CO, and waler, The empirical equation
repredenting the tolal process of photosynthests for oxvgen cvolving
organisms was then understood as:

Co,+1,0 2L ,i1on a0,

where [CH,O| represented a carbohydrate (e.g., glucose, a six-carbon
sugar].

A milestone contribution lo the understanding of photosynthesis was
that made by a microbiologist. Corneltus van Nicel (1BO7-1G85). who.
based on s studies of purple and green bacterla, demonstrated that
photosyntliests 15 éssentinlly A lghl-dependenl reaction tn which
hydrogen [vom a sultable oxtdisable compound reduces carbon dioxide
1o carbohydrates. This can be expressed by

IHA+C0, —2H 94 L CH,04 1,0

In green plants H,0 1s the bydrmogen donor and 15 oxtdised 1o 0, Some
organtsms do nol release O ;dmmgphntuﬁjn{h ests. When H.5, tnslead
is the hydrogen donor for purple and grecn sulphur bacieria. the
‘oxidation” product 18 sulphur or sulphate depending on the organtsm
and not O, Henee, he imferred thal the O, evolved by the greent plant
comnies from H O, nol from carbon dioxtde. This was later proved by using
radisisotopie techmiques. The correct equition, thal would represent the
overall process of photesynihests s therefore:

6C0, +121,0 —2# . 110, +6H,0+60,

where C, H,, O, represents gliucose, The O, released 1s from waters this
was proved using rdio 1sotope techniques. Note that this ts nol a stngje
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reaction bul description of a multistep process called pholosynthests,
Can you explain wiy (ietoe molecules of waler as subsirmle are wsed

in the expiation given above?

11.3 Wae=e pors PuorosyaTrES!IS TAKE PLACE?

You would of course answer: ln “Lhe gresn leal’ or ‘o3 the chloroplasts’,
based on whal you earfier read tn Chapter B. You are deflnitely right
Pholosynthiests does lake place in (he green leaves of plants but | does so
also tn olher green pants of the plants, Can you nume some other parts
where you think phitosynthests may occwr?

You would recoliect from previous unit that the mesophyil cells tn Lhe
leaves, have a large mumber of chilproplasts. Usually the chlotoplasts align
themiselves along the walls of the mesophyll gells, such that they get the
spttmum quantity of the inetdent ltght, When do you think the
chioroptases will be aligned with thetr flar surfaces paratled (o the walls?
When would they be perpendicular (o the tncident ight?

You have sludied the stmgiure of chioroplast tn Chapter 8. Within
the chioroplast there (s membranous sysiem consisting of grana. the
stroma lamellae. and the matrix stroma (Flgare 11.2). There 1s a clear
division of labour within the chioroplast. The membrane system Is
responisible for trapping the gl energy and also for the synithests of ATP
ard NADPH. In siroma; engymalcreattiions synthesise sugar, which i
turn forms starch. The [ormer sel of reactions, sinee they are directly ight
ditven are called light reactions [photochemical reactions), The latler
are nol directly tight driven but are dependent on the products of lght
reactions (ATPamd NADPH). Herice, (o disttnguish the latter they are called.
by convention, as dark reactions (carban reactions), However, this should
not be constrized o mean that they occur tn darkness or that (Hey are not
itahit-dependent.

(Fiter membrane
Iriner mwmbsrine

-Stromal lhmells

o

Stromn

Stareh granule

Lipid droplet

Figure 11.2 Ding=immutic regrvsenditinn of an cleclzon micti@raph of o seclion of
clhiloropiaat
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11.4 How sany Tyres oF PiaueexTs ARE
IsvoLven ix PHOTOSYNTHESIET

Looktng at plants have you ever wondered why
and how therp are so many shades of green in
thetr leaves — even i Lthe same plant? We can
lnok for an answer to this question by tryving Lo
separale the Jeal pleaments of any green plani
through paper chromalography. A

clrmmstographiie separation of the leal plgments.
shows that the colour that we see tn leaves is

not due to a single plgment but due (o four
plgments: Chlorophyll g (bright or blue green
in the chromalogram). chlorophyll b (yellow
green), xanthophyils (vellow) and carotenolds
[vellow lo yellow-orange]. Lel us now see what
roles varions plmmenis play in phoiosynihes]s,

Pigments are substances that have an abtlity
Lo absorb lleht, at spectiic wavelengths. Can gou
guess. wlich s the mest abindant planl
plgment in the workd? Lel vs sindy the gmph
showing the ability of chiorophivll a plgment to
absorh lghts of dilferent wavelengths (Figure
[ 1.3 a), Of course, you are Amiitar with the

wavelenglh of the vistble spectrum of hght as

well as the VIBOYOR

From Figure 11.3a can you determine the
uanetength feolowr of fight) al uiich chiorophull
a shows the maximum absorption? Does i
show another absorplion peak al any other
wanelenigihs loo? I pes, which one?

Now ook at Figure 11.3b showing the
wavelengths at which maxtmum photosynihesis
ocours in a plant. Can you see that the
wavelengths al which (here Is maximum
absomtion by chiorophyll e te., tn the blue and
the ted regtons, also shows higher rale of
photosynithests. Hence, we can conclude that
chlomophyll a ts the chief plgment associated
with photosynthesis. But by looking at Figure
[1.3¢ can you sayy thal there is a complete oie-
lo-one overlap betireen the absorpilon
spectrum of chilorophyll a and the action
spectrum of photosynthes(s?

Absorbimce of Hght by

fad

Rate af photosynthiesis
~ |mensurmd Iy O, roledng)

—
—_—
A

Light ahsorbed

cliloroplinst fimenis
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Figure 11.3a Gruph showing the absorption

Figure 11.3b Graph

Figure 11.3¢
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Photon

Flgure 11.4 Thw bpght horeesting complox

These graphs. togethier, show Lhat most of the photosynthesis takes
place tn the blue and red regions of the spectrum: some phaotosynthiests
does take place al the olhier wavelengths of the visible spectrum. Let us
see how this happens. Though chiorophyll 1s the major plgment
responstble for trapping light. olher thylakold pigmenits ke chlorophyll
b. xanthophylls and carolenolds; which are called accessory plaments,
also absarb lght and transfer the energy 1o chlorophyvll a. Indeed. (hey
nol anly enable a wider mnge of wavelength of tincoming lght (o be ulihised
for photosynitests but also protect chlorophyll a from phote-oxidalton.

11.5 Waar 18 Licar Reactios?

Lighi reaclions or the 'Photochemical’ phase
Include light absorption, water spliiting, oxygen
release, and the formaton of high-energy
chemical intermedtates, ATP and NADPH.
Several prolein complexes are Invalvad n the
process. The plgments are organtsed into (wo
diserele photochemical light harvesting
Reitetion complexes (LHC) within the Photosystem 1({PS

e I} and Photosystem I (PS ). These are named
E tn the sequence of thetr discovery, and nol tn the
sequence m whilch they funclion dunng the light

5 Gﬁ,}ﬁm‘ reactton. The LHC are made up of hundreds of

ﬁ- moiectles pigment molecules bound to protens. Each

pholosystem las dll the plgments excepl one
molecule of chlorophyll a) forming a llght
harvesting system also called antennae (Figure
11.4). These plgments help lo make
photosynthesis more elficient by absorbing
different wavelenaths of Ilehi, The single chiorophyll amolesule forms the
reiction centre. The reaction centre s different n bath the photosystems.
In PST the reaction centre chlorophyll a has an absorpiion pesk at 700
nm., henee Is called P700, while in PS I i bas absorption maxtma-at 680
. and Is called P680.

11.8 Ti= Evecrrox Transeort

In photesystem B the reactton centre chlorophyll a absorbs 680 nm
wavelength of red lght causing electrons (0 become excited and jump
mito an orbit farher from the atomie nucleus. These electrons are ploked
up by an election acceplor which passes thetin (o an eleectrons transport



system consisting of cytochromes (Figure
1 L5). This mivement of ¢lectrons s downhitll,

in terms of an oxtdation-reduction or redox
potenitial scale. The electrons are nol nsed ap
as ihey pass throngh the eleciron (ranspori
chatn, bul are passed on o the plgmenls of
photosystem PS 1 Simultaneously, eleclrons
tn the reaction cenire of PS | are also exclled
when they recetve red Hoht of wavelength 700
nm and are transferred o0 another aceepler
molecile (hal s a gealer relox polenilal.
These electrons then are moved downhill agatn,
this time (o a molecuie of energy-rich NADP,

The addition of these electrons reduces NADP* @
Lo MADPH + . Thiswhaole scleme of transfer —_— Hao— e =211+ [0]

of electrans, starting from the PS 1L uphtll to
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the acceplor, down the electron transpon chatn Figure 115 % scheme of lght reaction

o PS L excitation of electrons: transfer Lo

another acceptor. and finally down hill to NADP reductng 1 to NADPH +
H" 1s called the Z scheme, due (o lls characlastic shape (Figure 11,5b).
This shape Is formed whien all the carmiers are placed in 4 sequence on a
redox polenll:l scale.

11.6.1 Splitting of Water

You would then ask. Houw does PS 11 supply electrons continuousiy? The
electrons (hatl were moved from phiotosysiemn [1 must be replaced. This Is
achteved by eleclrons avatlable due to splitiing of waler. The splitting of
water Is assoctated with the PS 1 water isspitt tnito 2H', (] and electrons,
This creates oxygen. one of the net products of photosynthesis. The
clecirons needed (o replace those removed From photesystem Lare provided
by pholosystem [L

2H,0 ——4H' +0; +4¢

We need to emphastse here that the water splittine complex 1s associated
with the PS 1. which tiself s physically located on the inner side of the
miembrane of the tiylakold. Then. where are the protons and O, formed
likely lo be released — in the iomem? ar on the atler stde of the membrane?

11.6.2 Cyclic and Non-eyclic Photo-phosphorylation

Living organtams have the capability of extracting enersy from axtdisable
subsiances and store {this m the form ol bond energy. Spectal substances Ithe
ATP. carry thits engrgy In thetr chemical bonds, The process Lhroagh whitch
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ATPissynthesised by cells (inmitochondraand
Miotosysitom |1 chloroplasts) 1s named phosphoryiation. Photo-
— phosphorylaton is the synthests of ATP fom
ADPand morgante phosphate in the presence of
ltght. When the two photosystems work 1n a
sertes. first PS1Land then the PS1. aprocess called
hon-cycle photo-phosphorylaton occurs, The
two pholosysiems are connected through an
electron iransport chatn. as seen earlier—in the
Z scheme. Both ATP and NADPH + H® are
synthestsed by this kind of electronflow (Figure
1L.5).
When only PS 1 is functional; the electron Is
ctreulated within the photosystem and the
phesphorylation occurs due to cyclic flow of

Figure 11.6 Cyclic photaphnsphoryiation clectrons [Flgare 11.6). A possible locallon

where this eould be happening ts i6 the stroma
lameliae. While the membrane or lamellae ol the grana have both BS |

-and PS 1 the stroma -lamellae membranes fack PS [l as well as NADP

reductase engyme. The exclled eléctron does nol pass on Lo NADP bul s
eycled back (o the FS | complex throughi the declron transpord chalin
(Fyzure 11.6). The cyelic flow henee, resulls only in the synthests of ATP,
but not of NADPH + H*. Cyclie photophosphorylation also occurs when
only light of wavelengths beyond 680 nm are avatlable for excilzaton.

11.6.3 Chemiosmotic Hypothesis

Let s now ty and understand how actually ATP ts synihestsed in the
chioroplast. The chenilosmotic hvpotliesis has been pul forward (o explain
the mechanism. Like in resptration. in photesynthests (oo, AT synthests s
lintked Lo development of & proton gradient across o membirane, This ime
these are the membranes of thylakoid. There ts one difference though, here
the prolon accamulaiicn is lowards e Inside of e memibmne, Le. . in e
lumen. In respiration, protons accumulate in the inlermembrane space of
the mitochomdrta when electrons move through the ETS (Chapler 12)

Lel us understand whal causes (he prolon gradienl across the
membrane. We need (o consider agatn the processss thal lake place durtng
the activatton of electrons and ther transport (o determittre the steps tht
cause a proton gradient to devetop (Flgure 11.7).

(a) Stoneesplittng of tie water molecule takes place on e nner sideof
the membrane, the protons or hydrogen lons thal are produced by
the splitiing of water accumutlate within the lumen of the thylakotds.
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{(b) As electrons move through the photosystems, protons are lransporied

il

across the membrane, This happens becanse the primary accepler of
electron whichs ts locatetd towards the outer siide of the membirane
transfers its electron nol 1o an electrop cammier bul to-an H camrler.
Henee, this molecule removes a groton . from the stroma while
transpariing an electron. ' When Lhis molecule passes on fls eleéctron
Lo the clectron carrier on the Inner side of the membrane, the proton
1s released into the tnmer side orthe lumen stde of the membrane.

The NADP reductase enzyme 15 located on the stroma side of the
membrane. Along wilh elécirons that come from the acceplor of
electrons of PS L. protons e necessaty for the reduction of NADP* o
NADPH+ H". These protons are also removed from (he stroma.

Henee, within the chioroplast, protons in the stroma decrease i

number. whtle tn the fumen there tsaccumulation of protons. This creates
i prolon gradientacross 1he thylakald membratic as well 55 a ticasurable
decrease in pH (o the lumen.

Why are we =o fnlerssted m the proton gradient? This gradienl ts

impariant because 1t s the hreakdown of this gradient thal Jeads (o the
synithests of ATE. The gradient 1s broken down due (o the movement of
prolons across (he membrane Lo the stroma through the tansmembrane
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chianne] of the CF, of the ATP synthase. The ATP synthase crzyme conststs
of two paris: one called the CF 15 embeddesd tn the thylakotd membrane
and forms a transmembrane channel that camiés out [actlitaled diffusion
of prolons across the membrane, The other portion 18 calied CF and
proimudes on e outer surface of the thylakold membrane on ihe side
that [aees the stroma. The break down ol the gradient provides encugh
eneTdy Lo cause a conformatlonal change tnthe CF, particle of the ATP
synthase, which makes the ervyme synthestse several molecules of energy-
packed ATP,

Chemlosmosts reguires a membrane, a proton pump. a proton
gradient and ATP synihase. Energy (s used (o pump prolons across a
membrane, (o create a gradient ora high cancentration of protons within
the thylakotd lumen. ATP synthase has a channe] that aliows diffusion of
proions back across themembrane: (his releases enough energy to activale
ATP syrithase enzyme Lhal catalyses (he fbrmation of ATP.

Along with the NADPH produced by the movemest of electrons, the
ATP will be used rmmediately tn the blosynthelie reaction taking place in
the stroma, respensthbig for fixing €O, and synthests of sugars.

11.7 Waere are THE ATP axo NADPH Usen?

We learnit that the products of Hght reacton are ATP, NADPH-and O,. Of
these O, diffuses oul of the chioroplas] while ATF and NADPH are used Lo
drive the processes leading (o the synthests of food, more accurately. sugsrs,
This s the biosynthetic phase of photosynthests. This process does not
directly depend on the presence of eht but ts dependent on the products
of the light reaction, L.e.. ATP and NADPH, besides CO,and H,0. You may
wonder how this could be venilled: 1t ts simple: mmediately after lght
bLecomes nnavailable, the bissynilicllc process conlinoes lor some me,
and then stops. If then, Bght 1s made avatlable, the synthests starls agatn

Can we. hence. say that calling the blosynthelic phase as the dark
reactlon s a misnomer? [Mscuss this amongst yourselves.

ket us now see how the ATP and NADPH are used in the bosynthetic
phase. We saw earller that CO, 15 combtned with H,O o produce (CH,O)
oF supars, [l was ol irlerest o scletitists Lo Dind ool how Uils reaction
procecdel. or rather whal was Lhe first product lormed when CO, Is laken
Into a reactlon or fxed. Just afier waorld war 1L among the several efforts
to pul radiotsolapes to benefleial use, the work of Melvin Calvin 1s
exemplary. The use of mdioactive “C by htm tn algal photosynthests
sindies led (o the discovery that the first CO, fixation product was a
J-carbon organic acid. He also contributed toworking out the complete
blosynthete pathway: Henoe 1L was called Calvin eycle afler litm. The
first product tdentified was 3-phosphoglyceric actd or in shori PGA
How many carbon atoms does | hane?
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Scientists also tried to knowwhether all planis-have PGA as the irst
product of CO, fixation, ar whether any other product was formed tn
olhier plants, Expertments conducted over a wide range of plants led to
the discovery of another group of plants, where the first stable product of
€, fixation was again an organtc arid, but one which had 4 carbon
daloms in 1L This acid was identifled o be oxaloacetic acld or OAA. Since
then CO, asatmilation during pholosynthests was saud Lo be of lwo main
types: those plants tn which the first product of CO, fixation 15 a C, actd
(PGA), Le., the C, pathway, and those in which the first product wasaC,
acid (OAA)L Le. the €, pathway. These two groups ol plants showed
olher assectalE] cliamcteistiies hat we will discuss aler

11.7.1 The Primary Acceptor of CO,

Let us now ask ourselves a question that was asked by the sclentists who
were stnuggimg (o understand the ‘dark reaction. How many carbon atoms:
would a molecuie have which after aceepting (fixingl OO, would have 3
carbens fof PCGAJ?

The studies very unexpectedly showed thal the aeceptor molecule
was a b-carhon ketose sugar— ribulose bisphosphate (RuBP). INd amy
af you think of this possibility? Do not worty: the scientisis also took
a long thme and conducted many experiments Lo reach this tonclustor.
They also belleved (hal stnee the sl product was a C, actd, the primary
acceplor would be 4 2-carbon compound; they spent many years tryving:
o tdenttfy a 2-carbon compound before they discovered the 5-carbon
RuBP.

11.7.2 The Calvin Cyecle

Calvin and his co-wonrkers then workied oul the whole pathway and showed
thal the pathway operated in a oyclic manner; the RuBP was regenerated.
Let us now see how the Calvin pathway operates and where the sugar is
synthesised. Let us at the outset understand very clearly thal the Calvin
pathvway oceurs tn all photosynthetic plants: 1| docs ol matler whether
they have C, or C, (or any other) pathways (Flgure 11.8).

For ease of understanding, the Calvin cycle can be desortbed under
ihree stages; carboxylation, reduction and regeneration.

1. Carboxylation — Carboxylation is the dxation of CO, nlo a stable organic
inlermediate. Carbaxylation ts the most eructal step of the Calvin cycle
where CO, is utilised for the carboxylation of RuBP. This reaction 1s
catalysed by the ersyme RuBP carboxylase which results tn the formation
of two molecules of 3-PCAL Since thits erzyme also has an oxyegenation
activity | would be more correct Lo call it RuBP carboxyiase-oxveenase
orRuBisCO.

143



144 Bty

Atmnsphicre

Y

mtﬂlhﬂﬂ'l.ﬁ‘ €+ 1,0
bisphesphate \(

@' Earboaxylation

X \

ATP

J'ILTP

@Rum.uﬁun

gy \

e

P! +NADI®

*Mﬂi’l i

:Fbﬂﬁi'hmjl‘

SucTee, slarmh

Flgure 11.8 The Calvin cycle procecids in three stages : (1) carboxylation, during whichi
CO, vombines with ribulose- 1D -bisphosphuie; () reduction, durtng which
mrhn!;}wlr'lu: 15 Tormed at the oxperse of the pholocheomically moade ATP
and NADPHE and (3) regenerstion during widch the CO, aeveptor ribalose-
L 5-hisphosphale 8 formed agion so that the cyele confinues

2. Reduction - These are a sertes of reactions that lead to the formation
of glucose. The sieps involve utihsattion of 2 molecules of ATP for
phesphoryiation and two of NADPFH for reduction per CO, malecnle
fixedd. The fixation of stx molecules of CO, and 6 tums of the cyele are
required for the fommation of one molecule of ghicose from the pathway.

3. Regeneration - Regeneration of the CO, acceptor molecule RuBP is
crocial if he cycle 15 o contiinue wrtnterrapled, The regeneralion

steps require one ATP for phiosphorviation Lo [orm BuBP.
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Hence for every CO, molecule entering the Calvin cyele. 3 molecules
of ATP and 2 of NADPH are requined. 11 1s probably to mest this difference
in number of ATP and NADPH used 1n the dark reaction that the cvelic
phosphorylation (akes place.

To make one molecule of ghicose 6 turns of the cycle are required.
Work out how muany ATP arwl NADPH molecules will be required Lo make
ane molecule of glucose through the Calvin pathusay.

It might help vou to understand all of this if we look at whal goes In
and whal comes onl of the Calvin cycle.

In Out
SixCO, Ot gluvose
18 ATP 1B ADP

12 NADPH 12 NADP
11.8 Tae C, Parmway

Plants that are adapted (o dry (ropical reglons have the C, pathway
menitoned earlier: Though these plants have the C, oxaloacetic acid as
the frst CO, Oxation product they use the C, palhmv or Lhe Calvin cycle
a4 the main biosynthelte pathway, Then, m whial way are they different
from C o Dlants? This 1s a question that vou may reasonably ask.

C, ptants are spectal: They have a speotal type of leaf anatomy, they
lolerate hisher temnperatures. they show a response (o high leht intensilies,
they lack a process called pholorespiration-and bave greater productivily
ol blomass. Lel us understand these one by o,

Study veritcal sectlons of leaves, one of & C , Planit aml e otherafa C,
planl. Do you naotfce the differences? Do both harve the same ypes of
mesophylis? Do they have simillar celis around the vascular Bundle sheath?

The particutarly large cells around the vaseular bundies of the O,
plants are called bundle sheath cells, and the leaves which have such
anatomy are said (o have ‘Kranz' anatomy. 'Kranz' means ‘wreath’ and
1s a reflection of the arrangement of cells. The bundle sheath cells may
[oirm several layers aroumd (he vascular bundles; they are characlernised
by having a large number of chlemplasis, thick walls impervious Lo
msenns exchange and no nlercellular spaces. You may bike (o cut a
section of the leaves of C, plants - nustze or sorghum — (o observe the
Kranz anatomy and the distribntion of mesophyl! cells,

[t wonld be inleresting for you to collect leaves of diverse species of
plants around you and cut verical sections of the leaves. Observe under
the microscope — look [or the bundle sheath around the vascular
bundles. The presence of the bundle sheath wonld help you 1dentify

the C, plants.
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Now study the pathway shown in Faure 1 1.9, This pathway that has
been named the Hateh and Slack Pathway. s again a cyclic process. Let
us siudy the pathway by lsting the steps:

The primary CO, acceplor is a 3-carbon molecnle phosphoenol
pyruvate (PEP) and 15 present In the mesophvll cells, The emyme
responestble for thts ixation |s PEP carboxylase or PltPease. [t s timportant
to register that the mesophivll cells lack RuBisCO enzyme. The C, acld
3AA s formerd in the mesophyll cells.

It then forms other 4-carbon compounds ltke malic acid or aspartic
ackd i the mesophyll cells iisell, which are transported Lo the bundle
sheath cells. In the bundle sheath celis these C | actds are bivken down
to release CO, and a 3-carbon molecule.

The 3-carbon motecule s transporied back to the mesophiviiwhere it
Is comveried to PEP agatn, thus, completing the cyrle.

The CO,_ released in the hundle sheath cells enters the C, or the Calvin
paibway, a pathway common (o all planis. The bundle sheath cells are

Armosphene £0

Mesophyll |
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[amrn
membmng

Call wall
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Ebepaniatmies o i _tb C 5 aeld

Flpure 11.9 Diagradiniiitle riepreseatoblon of e Hloately soad Stk Dol ]y
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Tich tn an enzyme Ribwlose bisphosphale carboxylase-oxygenase
(RuBisCO), but lack PEPcase. Thus. the basic pathway that resulls tn
the firmation of the sugars, (he Calvin pathway, Is common Lo the C, and
C, plants. '

Did yvou note that the Calvin pathway occurs tn all the mesaphyil
cells of the C, plints? In the C, plants 1l does not take place n the
mesophyl cells but does so only n the bundle sheath colls.

11.9 ProToRESPIRATION

Let us try and undersiand one more process that creates an important
differesice between C, and C, planis— Photorespiration To undersiand
photoresptration we have Lo know a [title bt more abonl the first step ol
the Calvin pathway - the first C0O, Axatlon step. This Is the reaction
where RuBP combines with CO, 1o form 2 molecules of 3PGA, (hHal 1s
cataiysed by RuBisCOn,

RuBPsC0, —BUBisCo .o, gpoy

RuBisCO (hat 1s the most abundant enzyme In the world (Do you
wonder why?) 18 characterised by the fact that s aclive site can bind Lo
both CO, and O, - henee the name, Can you think hout this coud be
possible? Ruﬂisl..ﬂ has a much greater afintly for CO, whenthe €O O
ts neariy equal. Imagine what wonld happen if th_ts were not su! Thl&
hinding is competitive. 1t 1s the relative concentmtton of O, and CO, thal
determines which of the two will bind (o the cnzyme.

In C planis some O, does bind (o RuBisCO. and hence CO, Nxation 1s
detreased. Here (he RaBP instead of belng comverted Lo 2 molecules of
PGA binds with O, to form one molecule of phosphoglycerale and
phosphoglveolate (2 Carbon) in a pathway called photorespiration. In
the photoresptratory pathway. there is netther synthests of sugsrs, norof
ATP. Rather it resitlis in the release of COL with the utihisalion of ATP. In
the photorespiralory pathway there is mo svnthesis of ATP ar NADPH.
The biolegical function of pholorespiration is not kriown yel.

In C, planis pholoresplration does nol occur, This 1s because Lhey
have a mechantsm (hat Increases the concentratlon of €0, at the enzyme
sile. This lakes place when the €, actd from the m&mphyll 1s hroken

diown in e bundle sheath cells (o m!msz: CQ), —this results In increasing:

the tntracellular concentration of CO,. In turn, this ensures that the
RuBisC 0 fancttons as a carboxylase nummlslug the oxyuenase activity.

Now (hat vou know Lhat the C, plants lack photoresptration. you
probably can understand why productivily and yields are better i Lhese
plants. In addition these plams show loletance (o higher lemperatures.

Based on the above discussion can you compare plants shourtng
the C, and the C, patiuvay? Use the (able format given tn (able 1] and
Al in the informatfon.
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Taswe 11.1 Fill in the Columns 2 and 3 In this table to highlight the differences
between C, 2nd C, Plants

Characteristics
Cell type 1n which (he Calin
cyvcle takes place

Cell type in which the milial
carboxylation Teetion oceirs

Hew iy ecll types does the
Jedif hiave that fx CO_

Wisdels bs the prmary CO, acseplor
Ninnbser of carbonus' I Lhe

primury Cf), scoeptor

wi..’tch Is the m L'ﬂ'_t

Fxalion product

No. of enthons I Lhe pritary

€0, fixation procuct

Docs the plud. huve RuBisCO?
Doss the plant hove PEP Case?
Which celfs i (he plant have
Rulilsen?

0, fecabion nide ander liigh

tight condilicons

Whecther photorespiration in
wresent al Jow light intensitics:
Whether photorespiration s
presend Al high lht intensilles
Wihicther plolorespimtion woolt be
present Gt low COL concentmations
Whirther plioforospinstion waull be
present b high OO concenintions
Exnmples

C, Plants C, Plants

Mesaphyll /Bundle sheath/bolh

Mesophyll/ Bundle sheath /hoth

Towoe Bundbe sheally il
mesophvil

Ome: Mesophyvll

Three: Bundie sheath. palisade.
spongy mesophyil
RuBP/PEP/PGA

5/&LD

PGAZOAMN/ RuBI/TER

B4 TE

-‘t'rﬂf-hlnfﬁﬂ-l slwiys
Yeu/No/Not wtwavs
Mesophyll/Bundle sheath/none

Low/ high/ medinm

High/ negligible/somctimen
High fnestigible/<omeiimes

Higth / megligitle / somotimes

High /negligible fsomet imes
0400 C 20-250 fubwwe 40 C

Cal vortival sections of lenves of
different plants and observe nnder
the microscopse for Knwe snatiay

andd Wt them I the appropriste
columiis.



11.10 Facrors arFrcrine PaotroszntHESIS

An understanding of the factors thal affect photosynthesis 1S necessary.,
The rate of pholosynthests 1s very tmportant 18 determining the yield of
planis mcluding crop plants. Photesynthesis is under the influence of
several faciors, both internal (plant) and external. The pland factors include
the number, slze, age and orentation of leaves, mesophyll cells and
chloropiasts. internal CO, concentration and the amount of chlorophyil.
The plant ar mtermal Edlors are dependent on the genelie predisposition
and the growth of the plant. '

The external factors would inciude the avallability of sunitshi.
temperature. CO, concenlration and water, As a plant pholosynthesises,
all these factors will stmuliancousty affect 1ts rale. Hisnee, though several
factors tnleract and simmllaneonsly affect photosynithests or CO, fixation,
usually one factor ts Lhe major cause or 1s the one that miés the rate.
Heee, at any potnl e rale will be determined by the felor avatlable al
sul-optin levels,

Wihien several factors alfect any [bio] chemical process, Blackman's
(1905) Law of Limiting Fartors comes inlo effect, This siates the [olliwing:

If a chemical process Is affected by r;rm‘é than one _factor. then Us
rate will be determmed by the factor which ts neares! io ds minimal
value: il s the factor which directly alfects'the processf iLs guantily (s
changed.

For example, despite the presence of a green
leafl and oplimal light and CO, condiltons. the
plant may not photosynthesise If the lemperatiae
s very low. This leaf, if given the oplimal
lemperature. will start pholosynthesising.

11.10.1  Light

We need to distinguish between Boful quabity, tehi
mtensity and the duration of exposure to lght.,
while discussing lght as a faclor Lthal aflects
photosynthests. There s a Unear relatlonshilp
between motdent Ught and CO, fixation mates at
low Hght intensittes. Al higher lghi intensilies. |
gradually the rate does not show [urther increase .

Hate of photosymiliess
=
\|

as other factors become mdting (Fgure 11.10),

Whal Is Interssting to note is that dghl satumtion Lighl tntensty

ocours at 10 per cent of the fdl sumlight. Henee,

B

exrepl for plants in shade or in dense forests. tght Figure 1110 Grph of lght (ntensty pn the

Is rarely a UImitng faclor tn nature. Increase In e of plistasvnthesis



metdent light beyvond a pomi causes the breakdown of chlorophyll and a
decrense in phiotesynthiests,

11.10.2 Carbon dloxide Conceniration

Carbon dioxide 1s the major limung [acter for pholesynihests. The
concentration of CO, 15 very low in Lhe atmosphere (between 0,03 and
(.04 per cent), Increase in conceniration upto 0,06 per centcan canse an
merease iy CO, Oxation rates; beyvond this the levels can become damaging
over longer periods,

The C_ and C_ planis respond differently to CO, concentraiions: At
low light condilions nelther group respongds Lo high CO, conditions. Al
high light mienstties, both C_and C, plants show merease inthe ates of
photosynithesis. What 1s tmporiant to nole 1s thal the €, plants show
salurallon at about 360 il while C, responds Lo increased CO,
concentration and satration is seen only beyond 450 plls' . Thus, current
avallabiliiy of CO, levels 4s imiting (o the C, plants:

The facl that € plants respond Lo higher CO, concentration by
showing Increased rates ol pliotosynithesis leading to lugher producuvity
has been used for some greenhonse crmops such as (omaloes and bell
pepper. They are allowed Lo grow 1nearbon dioxtde enriched atmosphere
that leads W higher vields.

11.10.3 Temperature

The dark reactions being enzymatic are temperature controlled. Though
the ight reactions are also lempeniture sensitive they are affecled 1o a
much lesser extent. The C, plants respond (o higher temperatures and
show higher rate of photosynthests whitle C ptants have a much lower
lemperalure oplmm.

The temperature optimum for photosynthests of different plants also
depends on the habiiat thal they are adaptesd to. Troplcal plants have a
higher temperature optimum than the plants adapied to temperate
climales.

11.10.4 Water

Even though waler s one of the reactanits tn the lght reaction, the effectof
waler as a factor 1s more thiroueh iis offect on the plant, mither Uuem direcily
an photesyntlesis. Water stress causes the stomeata (o close henee reducing:
the CO, avaflability. Besides, watler siress also makes leaves will. thus.
reductng the surface area of the leaves and thetr melabolic activity as well.



Suswmany

Creen plants make thetr own food by photosvnthesits. During this process carbon
dioxide from the atmosphere 1s taken 1n by leaves through stomala and used for
mking carbohydrates. principally glucose and siarch. Photosynithests (akes place
only in the green paris of the plants, mainly the leaves. Within the leaves. the
mesophyll cells have a large number of chloroplasts that are responstble lor CO,
fixaton. Within the chloroplasts, the membranes are sites for the lighl reaction.
while the chemosynthetic pathiway ovcurs n the stroma. Photosynithesis has two
stages: the light reaction and the carbon fixing reactions. In the light reaction the
Ight encrgy is absorbed by the plgments present in the antenma, and funnelled to
spectal chlorophyll a molecules called reactlon centre chiorophvils. There are two
phuslosystems, PS [ and PS II. PS | has a 700 nm absorbing chlorophyll a PT00
molecule at 1is reactton centre; whitle PS 11 has a P680 reaction centre thal absorbs
red Heght al 680 nm.  Afier absorbing Hghi, eleciyons are excited and transferred
Wirought PS 11 and PS 1 and Aoally to NAD formtog NADH. Durtig (0S process a
prolon gradient is crealed across the membimne of the thviakold. The breakdown
of the protons gradient due to movement through (he F, part of the ATPase enzyme
releases enough enersy for synthests of ATP. Splitting of water molecules is
associated with PS [l resuiling in (he release of O protons and transicr of electrons
to PSIL

in it carbon fixation eycle. €O\ 15 added by the enzyme. RuBl=CO, (o a 5-
carbon compound RuBP that is converied to 2 molegules of 3-carbon PGA. This
is then converied o sugar by the Calvin eycle, and the RuBPis regenerated. During
this process ATP and NADPH syrithestsed m fhie light reaction are utitsed . RuRisCO
also catalyses a wasleful oxvegenation reaction in C plants: phaotorespiration.

Some tropleal plants show a spectal type of pholosynithests called C, pathiway.
it these plants the first productof €O, fixation that takes place in the mesophyll
Is ad-carbon compound. In the bundle sheatl cells the Calvin pathway 1s carried
ol for the synihesis ol cathaliviliaies.

Exurcises

L By looking at a plant externally can you tell whether a plant 1s €, or €, Why and
how?

2 By looking at whitch tnternal strocture of & plant can you el whether 2 plant 1s
€, 0r €,7 Explam.

3, Even though a very few cefls tina © plant carmy out the blosynthelie — Calvin
pathway, yet they are highly productive. Can you disenss why?
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4. RubisCO is an enzyme Lhat aots both as a carboxylase and oxypenase. Why do
you think RuBIsCO carries oul more carboxylation in C, planis?

5 Suppose lhere wore plants that had a high concentration of Chiorophyll b, but
kel chilorophyll o would 1t carry oul photosyrthests? Then why do plants
hiave chigrophiyll b and other accessory plgments?

6. Why Is the colour of a leal kept tn the dark freqquently yellow. or pale green?
Which pigment do you think 1s more stahle?

7. Look at leaves of the same plant on the shady side and compare 1with the

leaves on Lhe sunny side, Or, eompare the potted plants kepl n the sunlight wilh
these 1 the shade. Which of them bas leaves thal are darker green ? Why?

8. Pigurel1. mmﬂmcmﬂgmmmrmwphmmhm Based on the
mnlwm:hpamusm.ﬂnrmmmnmmmnghlammmgw
(b} Whal eould be the imting factor/s 1o feglon A?
{e) What do € and 1 represent on the eumve?
9. Givecomparisott botween the followtrig:
() €, and €, pathways

() Cyztic and ﬂﬂﬂ*ﬁ&ﬂlﬂpﬂﬂtﬂiﬂtﬁﬂlﬂffﬂm
(¢} Andtomy of feal in'C, amnd €, plnts




